INTRODUCTION
To date, models used in quantitative mineral resource assessment have been largely focused on metals. The largest compilation of descriptive and grade and tonnage models is found in Cox and Singer (1986) . Additional models can be found in Bliss (1992) . These models are used in a three-part quantitative resources assessment (Singer and Cox, 1988; Singer and Ovenshine, 1979) . Computer simulation using results of three-part assessments provides a measure of the quantity of materials remaining in undiscovered deposits at different levels of certainty (Root and others, 1992; Spanski, 1992) . The U.S. Bureau of Mines also uses assessment results in their analysis of economic potential of future mineral development within an area (e.g., the East Mojave National Scenic Area, California (U.S. Bureau of Mines, 1992b) and Kootenai National Forest, Idaho and Montana (Gunther, 1992) ).
Model development for industrial minerals including sand and gravel deposits has only recently begun in earnest. Efforts to date include the compilation of descriptive models (Orris and Bliss, 1991) and grade and tonnage models (Orris and Bliss, 1992) for industrial minerals. Models for industrial minerals include not only the grade and tonnage model common to metallic deposits but also require contained-material, impurity, and deposit-specific models (Orris and Bliss, 1989) .
Two models have been developed for sand deposits and sandstone/quartzite deposits that are used as a source of silica (Orris, 1992a (Orris, , 1992b . These models are for deposits which are silica rich (i.e., greater than 75 percent). These deposits lack gravel-sized clasts; they are well-sorted glass sands with essentially no clay size fraction (G. Orris, oral commun., Nov. 25, 1992) . Sandstone/quartzite deposits are found in lithified stratigraphic sections some of which can also be exploited for sand and gravel. Like the sand deposit, the sand/quartzite deposit lacks gravel-sized clasts and has essentially no day-size fraction. These two models describe deposits that are specialized types of sand and gravel deposits.
The distribution of deposits by area can be described using spatial models. A type of spatial model has been developed specifically to assist in the three-part quantitative assessment procedure (Bliss and Menzie, in press ), A simple measure used in this type of spatial modeling is the mineral deposit density or deposits per a standard unit area. Mineral deposit densities have been calculated for a number of metallic deposit types and some initial ones were calculated for sand and gravel deposits as well.
DEFINITIONS AND MECHANICS IN MODELING
The definition of a mineral deposit model as given by Cox and Singer (1986, p. 2) is "the systematically arranged information describing the essential attributes (properties) of a class of mineral deposits. A model may be empirical (descriptive), in which instance, the various attributes are recognized as essential even though their relationships are unknown; or it may be theoretical (genetic), in which instance, the attributes are interrelated through some fundamental concepts."
The economic characteristics of mineral deposits can be empirically modeled using size (or volume), grade, contained materials, impurities, and deposittype-specific attributes. Estimates should be made of tonnage (or volume) at the lowest reported cut-off grades or highest level of impurities allowed. Models are presented in graphical format (plots) for ease of display and to enable comparison with other models (Cox and Singer, 1986; Bliss, 1992) . The plots show grade, tonnage, or selected attributes on the horizontal axis and the cumulative proportion of deposits on the vertical axis. The units are metric and a logarithmic scale is used in most cases. Each point on a plot represents a individual deposit. The deposits are cumulated in ascending attribute value. Smoothed curves, representing percentiles of a lognormal distribution that has the same mean and standard deviation as the observed data are plotted through the points. Intercepts for the 90th, 50th, and 10th percentiles of the lognormal distributions are identified. A detailed description of how these plots are generated is found in Singer and Bliss (1990) .
For sand and gravel deposits, the volume of the deposit is the size attribute to be modeled. A variety of deposit-type specific features of sand and gravel deposits may also need to be modeled. In place of grade, investigators and reporters on sand and gravel deposits commonly use either minimum volume, minimum thickness, or other conditions to define deposits.
DEFINITION OF SAND AND GRAVEL DEPOSITS
Sand and gravel deposits consist of rock or mineral fragments in loose, non-cohesive bodies. They are the result of sedimentary processes including fluvial, lacustrine, marine, eolian, and glacial. Langer (1988) defines sand and gravel deposits as a mixture of sand and gravel in which gravel is 25 percent or more by weight. Sand and gravel are natural aggregate that include crushed stone. Natural aggregates are defined as any "material composed of rock fragments which are used in their natural state except for such operations as crushing, washing, and sizing" (McLaughlin and others, 1960, p. 16-4) .
The distribution of the size of the fragments is important. Sand and gravel deposits are best when they contain little silt. However, terminology varies greatly regarding the diameter of fragments in sand and gravel deposits. This is to be expected because naturally occurring fragment sizes have a continuous range in size from fine to coarse. This inconsistency is one of the important variables that must be taken into account.
In contrast to other mineral deposit types, minor renewal of sand and gravel deposits may occur. Sand and gravel deposits, too thin or too small to be worked at their present location are moved down stream where they collect in larger workable deposits. Replenishment to the deposits may be more likely during spring flooding (Yeend, 1973) .
Nearly all deposits in the United States are Quaternary. Some Paleocene and Eocene conglomerates are worked in southern California (Goldman, 1968) and elsewhere. These older deposits may require a different modeling strategy from that used for the younger surficial sand and gravel deposits under consideration here.
Empirical modeling of deposit attributes is always dependent on the level of reporting in the literature. Evaluation of the volumes of sand and gravel deposits in published compilations inevitably is focused on the total size of the deposit, not the size of pits or workings in the deposit. Commonly, sand and gravel deposit size is estimated based on the geology and morphology of the deposit rather than on data gathered by drilling. The deposit sizes are at a level of confidence of a resource, not a reserve. Whether a deposit will continue to be worked, or worked at all is dependent on economic, political, and social criteria beyond the scope of this study. As a rule of thumb, I have treated sand and gravel bodies as part of the same deposit if separated by a distance of 1.5 km or less. One exception is where alluvial fans and the stream beds upstream from the alluvial fans are treated separately. Some assessments have grouped bodies separate by distances greater than 1.5 km, others more closely. In some cases, the published assessments are about single bodies divided into adjoining blocks. Some data for deposits in or adjacent to urban areas may lead to an underestimate of deposit volumes because developed areas are excluded from size estimates. This situation occurs frequently in the United Kingdom.
Data compiled for sand and gravel deposits in this report must be qualified as the result of a variety of inconsistencies because of different reporting standards used by different investigators. These inconsistencies include: overburden requirements, minimum thickness, minimum volume, maximum fines, and maximum thickness. For some deposits, thickness was not reported but was estimated from depth of workings. Commonly, past production data are not reported. These factors will tend to underestimate the sand and gravel resource in some deposits.
Following are examples of some of the standards used by reporters. Cameron and others (1977) considered only those deposits with a overburden ratio of 1:1 or greater. Cameron and others (1977) , McAdam (1977 McAdam ( ,1978 and Browne (1977) required a minimum thickness of 2 meters of sand and gravel; Squirrell (1974) considered deposits with 1 meter or more. Goldman (1961 Goldman ( , 1964 Goldman ( ,1968 was unconcerned with thickness but required that the deposit contain more than 50,000 cubic yards (38,000 cubic meters) of material. Goldman's inventories included only deposits which were within 50 miles (80 km) of markets. Deposits above and below water table were often reported separately; I have combined figures when appropriate. For some deposits, gravel below water tables was explicitly excluded by some reporters, Some deposits in Goldman (1964) are above the summer water table. Squirrell (1974) considered deposits with overburden thickness to sand and gravel thickness ratios of 3:1 or less, with the proportion of fines (0.0625 mm) not to exceed 40 percent. Squirrell (1974) also noted that sand and gravel extraction seldom exceeds depths of 24.4 m and set a maximum depth of drilling of 18.3 meters if the hole was still in overburden. California sand and gravel deposits (particularly alluvial fan types) have been considered as possible resources to depths of 95 m (Goldman, 1968) .
SAND AND GRAVEL DEPOSIT TYPES
Data for modeling was collected from a wide range of sand and gravel deposit types. Locally, tailings from gold placering are used as a source of sand and gravel and data from these deposits are included in this compilation. Sand and gravel deposits include those found in stream beds, in stream terraces (common to the California data set), glacial terraces, outwash plains, eskers, kame terraces, beaches both modern and raised (common to the United Kingdom data). All of these depositional environments are found for deposits in the data used; many deposits involve several environments. A few Tertiary gravels in California worked for sand and gravel were also included but may be excluded in future modeling.
STRATEGY General Issues
Modeling of sand and gravel deposits must take into account the range of: (1) deposit volumes and geometry; (2) size distribution of material in the deposits; (3) physical characteristics of the material; and (4) chemical composition and chemical reactivity of the material. Extracting this information from the literature is complicated variables measured and the type of test used are dependent on the expected application. A host of tests and specifications for sand and gravel deposits have been developed by the American Society for Testing and Materials (ASTM). All government agencies from Federal to local, that have been involved in highway construction have also been involved in preparation of specifications. Tepordei (1989) notes that the proliferation of standards have evolved to address local soil, climatic, and material characteristics.
Model attributes dependent on data generated under these conditions can be expected to contain variability related to the standards and procedures used in the analysis. Several trends in modeling sand and gravel variables can be anticipated: (1) some variables will be modeled in a very general way, (2) some variables will be modeled with a specific end use in mind, (3) some variables will be modeled f local applications only, and (4) some variables are so poorly characterized that they can not be modeled. Engineering geologists, civil engineers, and others have attempted to predict properties of earth materials for a wide variety of specific applications and it is expected that modeling can take advantage of this.
Modeling deposit geometry
Models can be developed concerning the geometry of sand and gravel deposits. Mineral deposits, including sand and gravel deposits, can have an explicit surface area. Because sand and gravel deposits have, as a first approximation, the form of an uneven blanket, the deposit volume can be approximately calculated using area and average thickness.
Sometimes sand and gravel deposits are dissected into several parts and when the segments are treated as part of the same deposit, the area involved includes a portion without sand and gravel. While it would be ideal to treat each sand and gravel remnant as a separate deposit, the level of resolution varies from one data source to the next. Most publications used as data sources treat sand and gravel resources in a regional fashion, not by individual bodies. Because of this, I have grouped remnants into deposits. The resulting area is called a mineral deposit target area; it is treated separately from deposit areas described previously. Modeling mineral deposit target areas has been successfully used (Bliss and others, 1991) and will be developed in future modeling of sand and gravel deposits. Both deposit areas and deposit target areas can be used to assist in mineral resource assessment
Modeling deposit volume
Sand and gravel deposit volumes can be modeled in the same way as deposit tonnage. As noted in the previous section on deposit geometry, deposit area and average thickness are independent variables and can be used to calculate deposit volume. Future research will be need to determine if volume is related to other sand and gravel attributes.
Modeling size of particulates
A first-order model for size distribution in sand and gravel deposits would provide the distribution of percent gravel, percent sand, and (or) percent fines. A problem with this scheme is that size classification used to define gravel, sand, and fines are not standardized. Different units are used as well. In this summary, the units (induding sieve size) used in the source document are given first followed in parenthesis in terms of either metric and (or) English units and sieve size. Pettijohn and others (1973) reported that the distinction between sand (or very fine sand to coarse silt) varies from 0.05 mm (U.S. Standard Sieve No. 45) used by the U.S. Department of Agriculture) to 0.10 mm (U.S. Standard Sieve No. 140) as suggested by Bos well (1919). Goldman and Reining (1983) noted that sand defined in commercial usage in the United States consists of unconsolidated or poorly consolidated fragments retained on a No. 200 sieve (0.074 mm openings) and that pass through a No. 4 sieve (4.76 mm openings); this is also the ASTM definition (Tepordei, 1989) . The Wentworth scale defines sand as those fragments passing a No. 10 sieve (2 mm) and gravel as the retained material. There is not an upper size boundary for gravel in the Wentworth scale. ASTM sets an upper size for gravel at 3 inches (76.2 mm) (Dutro and others, 1989) . The upper part of the grain-size scale used by engineers include cobbles between 3 and 12 inches (305 mm), and boulders are larger than 12 inches (305 mm) (Dutro and others, 1989) .
A number of statistics have been applied to grain-size distributions. These parameters may need to be modeled if they are found to be useful in distinguishing among sub-types of sand and gravel deposits. These include measures of central tendency (mean, mode, median), bimodality, skewness, and kurtosis (Pettijohn and others, 1973) .
Modeling physical and chemical variables
The separation of physical variables from the chemical ones is somewhat arbitrary. Desirable deposits contain clean, uncoated, properly shaped particles which are sound and durable (Goldman and Reining, 1983) . Perhaps some type of model can be devised to characterize the various populations of particle shapes f< r a deposit. The external coating of participates might be modeled iven data on percent of participates and type of coating involved. Coating t) ^es would include calcium carbonate, clay, silt, opal, iron oxide, manganese oxide, and gypsum among others (Goldman and Reining, 1983) .
Sand and gravel become less suitable for certain applications with the presence of undesirable material which has certain physical or chemical properties. These undesirable materials can be characterized using impurity models. Impurities that need to be modeled (either separately or as a group) includes mica, clay, silt, organic matter, fissile shale, friable sandstone and other weak rock type fragments (Harben and Bates, 1984) . The percentage of impure material tolerated needs to be modeled as well. An ASTM test noted in Goldman and Reining (1983) uses heavy liquids to test for organic matter. The amount of material which makes a deposit totally unsuitable needs to be defined and may be used as cut-off grades are used in metallic deposit types. It is expected that the grade will vary with intended application. ASTM tests include ones for measuring hardness and durability, soundness, specific gravity, cleanness, lack of soft or friable fragments, and toughness (Goldman and Reining, 1983) .
Modeling of chemical variables is primarily concerned with magnitude of chemical reaction between the aggregate and either portland cement or bituminous mixtures. ASTM tests include ones for potential chemical reactivity (Goldman and Reining, 1983) . Materials which may be deleterious due to chemical reactivity includes gypsum, zeolite, pyrite, opal, chalcedony, and volcanic glass (Goldman and Reining, 1983) .
The following characteristics are being considered for modeling (some overlap is possible). Not all characteristic have been covered in the previous discussion. Items flagged with (*) may be applicable to coarse aggregate only. The characteristics are: 
DATA ANALYSIS AND PREPARATION
Data are either from California or the United Kingdom. While the overall surfical geology hosting sand and gravel deposits of these two areas is quite different, it will be shown that the sizes of sand and gravel deposits are not. Before discussing the model, several issues must be addressed concerning the data.
The largest sand and gravel deposits are of the alluvial fan type (including one alluvial plain deposit) found in the data set from California; however, some of these sand and gravel deposits have volumes which are the same as some of the smaller-sized deposits ( fig. 1 ). Sand and gravel deposits in California were classified into two groups alluvial fan type and all other types. Both groups were found to be not significantly different from lognormal (at the 1 percent level) using the skewness and kurtosis goodnessof-fit tests (Rock, 1988) . The alluvial fans in California have a geometric mean size of 41 million cubic meters; all other sand and gravel deposits in California have a geometric mean size of 6.2 million cubic meters. The hypothesis that the two means are equal was rejected using the t-test (at the 1 percent level). Therefore the volume of sand and gravel deposits in alluvial fans needs to be modeled separately.
Sand and gravel deposits in the United Kingdom have a distribution not significantly different from lognormal (at the 1 percent level) using the skewness and kurtosis goodness-of-fit tests (Rock, 1988) . The volumes of United Kingdom deposits overlap with those from California ( fig. 2) . Is the geometric mean of 4.8 million cubic meters for the United Kingdom significantly different from the geometric mean size of 6.3 million cubic meters for California sand and < -avel deposits excluding alluvial fans? The hypothesis that the two means are equal was not rejected by the t-test (at the 1 percent level). Therefore, the volumes of California and United Kingdom sand and gravel deposit are modeled together.
VOLUME MODELS AND APPLICATIONS

Introduction
Models of sand and gravel deposits can be applied in two different circumstances: (1) poorly known or described regions where deposits are suspected to be present but not yet identified and (2) reasonably wellexamined regions with known sand and gravel deposits or with clear indication of deposits as seen in outcrop and in other geologic evidence.
Poorly-known regions
Two volume models can be used to characterize sand and gravel deposits in poorly-known regions. One volume model is for sand and gravel deposits in alluvial fans and one other for all other deposit types. Analysis of deposit volume data compiled to date do not reveal any statistically significant differences in sizes among other genetic types. The two models, area and thickness, described in the following section on well-examined regions should be consulted to assist in making subjective estimates of numbers of undiscovered deposits.
Data for 275 deposits were used in the general volume model of sand and gravel deposits ( fig. 3) . About 45 percent of the deposits for the model are from California; the balance of the data are from the United Kingdom predominantly from Scotland although a few are from Wales and England. The median sand and gravel deposit is 5.4 million cubic meters in size.
Data for 18 deposits are used in the model for sand and gravel deposits in alluvial fans (fig 4) . The deposits for the model are predominantly from California although data on two fans from the United Kingdom were also included. The median sized deposit in alluvial fans is 35 million cubic meters-over 6 times larger than the median size expected for other types of sand and gravel deposits. Sand and gravel deposits in alluvial-fans usually vary in thickness between 6 and 99 meters; the typical or median deposit is 12 meters thick or over two times thicker than the median of the typical sand and gravel deposit.
Application of the volume models in quantitative mineral resource assessment requires a subjective estimate of the number of undiscovered sand and gravel deposits in the assessed region. Keep in mind that suspected sand and gravel bodies which are within 1.5 km are treated as parts of the same deposit for modeling purposes and this proximity rule will also need to be followed in the estimate of number of undiscovered deposits. Note that. alluvial fans are treated separately. The estimates of number of undiscovered deposits can be used with the volume models in a Monte Carlo simulation to provide the probable range of volumes of sand and gravel in undiscovered deposits in the assessed region.
Well-examined regions
In many areas the surficial nature of sand and gravel deposits usually insures that they are likely identified or partially worked. For these deposits, the models of area and thickness of each deposit may be used to predict additional sand and gravel resources. It is necessary that subjective estimates of areas underlain with sand and gravel deposit be made before these models can be used in computer simulation.
As part of developing the area and thickness models, estimated volumes calculated from average thickness and area were compared to the reported volumes. About 77 percent of the data compilation for modeling sand and gravel deposits also includes thickness and area in addition to volume. For about two-thirds of these deposits the volume calculated from average thickness and area is within 10 percent of the reported volume; for 4 out of 5 deposits the calculated volume is within 25 percent of the reported volume. These results suggest that estimating volume using area and average thickness yields reasonable volume estimates despite the considerable complexity in geometries that sand and gravel deposits may exhibit. Of course, some investigators have used area and average thickness to calculate some of the reported volumes which probably increases the level of agreement between the calculated and reported figures.
A model of the areas of sand and gravel deposits ( fig. 5 ) has a distribution not significantly different from lognormal (at the 1 percent level) using the skewness and kurtosis goodness-of-fit tests (Rock, 1988) . Areas in this model are between 3 and 11,000 hectares (ha1). The model provides a guide to estimating areas. Since area, along with thickness, is frequently used to compute sand and gravel deposit volumes, area is clearly not independent of volume and the positive correlation (R^ = 0.85, N = 256) (at the 1-percent level of significance) between area and volume is a case of spurious selfcorrelation ( fig. 6) .
For an assessment an estimate of the range of areas for each sand and gravel deposit is required. The uncertainty (or range) in the estimate is considered to have a normal distribution. In order to use these estimates in computer simulation, two parameters are needed, a mean and variance of the estimate. The best estimate will be treated as the mean. The uncertainty in the best estimates is obtained from estimates of the minimum area and the maximum area underlain with sand and gravel. The estimates need to be symmetrical about the best estimate of area. For example, if the estimated minimum area is 120 ha and the maximum area is 400 ha, the best estimate will be 260 ha. The estimates (best, minimum, maximum areas) should be made in different sequences to arrive at a final set of figures. The estimates of minimum and maximum areas will be defined as containing 99 percent of the area under the normal distribution curve or 2.6 times the standard deviation. (This means that there is one chance in a 100 that the actual area is either smaller or larger then the limits provided.) Also needed to evaluate each sand and gravel deposit is a single estimate of area worked (or volume removed by mining).
A general model of the thickness of sand and gravel deposits ( fig. 7) has a distribution significantly different from lognormal (at the 1 percent level) in terms of both the skewness and kurtosis goodness-of-fit tests (Rock, 1988) . The reason for the difference from lognormality is unknown. No transformation was found to give data which fit any standard distribution type. While it would be desirable to used a standard distribution, the empirical frequency distribution of thickness can be used in computer simulation. Therefore, the percentiles (90th, 50th, and 10th) in fig. 7 are for the data and not for a fitted distribution which is the case in other models given here. Deposit thickness varies between 0.4 and 65 meters; the typical or l()ne hectare is equal to 2.47 acres; 1 square miles is equal to 259 ha. median deposit is 4.6 meters thick. There is a small, but significant, positive correlation (R^ = 0.038, N = 230) (at the 1-percent level of significance) between thickness and area ( fig. 8) . Therefore sand and gravel thickness and area are not quite independent variables but only weakly correlated. For the type of application envisioned, these two variables can be treated as independent. While one may speculate about the range of deposit areas, this may not be so easy to do for deposit thickness. However one may also make thickness estimates using the strategy described for estimating deposit area. Otherwise, the general model of sand and gravel deposit thickness can be used in simulation.
Since thickness, along with area, is frequently used to compute sand and gravel deposit volumes, thickness is dearly not independent of volume and the positive correlation (R2 = 0.30, N = 230) (at the 1-percent level of significance) between thickness and volume is a case of spurious selfcorrelation ( fig. 9 ).
Monte Carlo simulation using these models and estimates for area and (or) thickness can provide the probable range of volumes of sand and gravel in known deposits in the region. The calculated range in volumes is due to uncertainty in areas and thickness of deposits in the area under investigation and not the uncertainty in number of undiscovered deposits.
ESTIMATING AREAS MINED FOR ROAD CONSTRUCTION
A useful estimator for planning is the size of area disturbed by a predetermined volume of sand and gravel needed in some application. An estimate can be made by simply dividing the needed volume by the median thickness of 4.6 m for most sand and gravel deposits. Langer (1988, In the case of a four-lane interstate with bridges and interchanges, approximately 65,000 tons of coarse aggregate are needed per mile of construction (Langer, 1988) . This is equal to 59,000 metric tons or about 29,000 cubic meters. This is the volume of gravel needed if the coarse aggregate is to be supplied from sand and gravel deposits. The estimated median gravel content of 36 sand and gravel deposits is 53 percent. In order to obtain 29,000 cubic meters of gravel, about 55,000 cubic meters of a sand and gravel deposit must be mined. Dividing this volume by 4.6 m suggests that this could be supplied by working 1.2 ha of a typical sand and gravel deposit. This indicates that the gravel extracted alone to build 216 miles of this type of road will disturb one square mile of land. Given details of the type of aggregate needed for other applications, this procedure can also be used to make estimates of areas to be disturbed by sand and gravel extraction. Of course there are regions (e.g., the seaward sections of the Atlantic and Gulf coast areas of the United States) where gravel is completely absent and this estimate does not applied. 
